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Data are reported for both airborne and wind tunnel testing
of the aerosol inlet on the CIRPAS Twin Otter research aircraft.
Though utilizing different instrumentation and assumptions, re-
sults from the two test venues show broad agreement. The roll off
in transmission efficiency of the inlet under standard flight condi-
tions starts at ∼3.5 µm but plateaus at 5.5 µm particle diameter
at a value slightly in excess of 0.6. This value persists to the upper
limit of the test range at 9µm and is likely due to the sub-isokinetic
aspiration flow of the inlet.
1. INTRODUCTION
Measurement and consequent understanding of atmospheric
aerosols has increased dramatically in the last two decades. A
substantial portion of this enhanced understanding has come
about simply through a more thorough understanding of the
three-dimensional structure of the atmospheric aerosol, i.e., by
measurements aloft, obtained primarily by instrumented aircraft.
However, such measurements, which typically involve the sam-
pling of aerosols from a flow stream moving on the order of
102 m s−1, can be quite difficult and numerous studies have
noted this issue, particularly with regard to the sampling of
super-micron particles (e.g., Huebert et al. 1990; Murphy and
Schein 1998; Hermann et al. 2001; Kramer and Afchine 2004;
Huebert et al. 2004). Essentially, the rapid and large flow decel-
eration necessary to effectively couple the air stream exterior to
the aircraft to the interior sampling lines and aspiration flows
typical of aerosol sizing instruments (∼1–10 m s−1) commonly
results in significant particle loss, increasing systematically with
particle size (cf., Huebert et al. 1990). Diffuser expansion cones
are generally employed for this purpose but no standard design
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or approach has been embraced and few of the many aircraft in-
lets have well-quantified transmission efficiencies (η). Hence, it
behooves each aircraft user community to quantitatively assess
the transmission efficiency of their aerosol inlets as a function
of particle size. We seek here to so document the transmission
efficiency of the main sampling inlet of the CIRPAS (Center
for Interdisciplinary Remotely Piloted Aircraft Studies, Marina,
CA) Twin Otter research aircraft.
2. THE TWIN OTTER INLET
The nominal sampling airspeed of the Twin Otter (TO) is
50 m s−1 whereas the optimal flow velocity for the variety of
instruments which sample off of the duct downstream of the inlet
is 7–8 m s−1. The deceleration this implies is difficult to achieve
without provoking flow oscillations and thus stall using a single
diffuser. Therefore, a two-stage diffuser inlet was devised. This
inlet is shown schematically in Figure 1. A photograph of the
installation on the TO is shown in Figure 2.
In the first diffuser stage, an expansion ratio of six is encom-
passed between the leading edge of the intake and the leading
edge of the inner diffuser, with a 2  expansion angle of 10◦.
Note, however, that the effective expansion ratio is substantially
reduced by the presence of the inner diffuser, being on the order
of 3. The inner diffuser has a similar 2 expansion angle and an
expansion ratio of 2, precluding stall. Decelerated air in the first
expansion section boundary layer is suctioned to the stream flow
through large slits in the backside of the first diffuser. The first
diffuser has an exterior, stream-parallel cross-section modeled
on the NACA 1-55-100 engine cowling specification. This has
been done to minimize the impact of angle of attack variations
on the aspirated flow.
The inlet diffuser is mounted on a 6.4 cm ID aluminum
intake line co-terminus with the leading edge of the aircraft
nose and displaced ∼1 m above the upper nose surface (see
Figure 2) in order to minimize flow distortion from the fuselage.
The line extends through much of the fuselage, providing a test
section 2 m in length and is vented to the exterior stream flow.
The flow velocity during in flight sampling with the standard
instrument package and at the nominal 50 m s−1 sampling
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FIG. 1. Schematic diagram of the double diffuser on the inlet of the CIRPAS Twin Otter research aircraft. Dimensions are in cm. The outer diffuser is made of a
conductively coated carbon fiber and the inner one from aluminum.
airspeed has been directly measured with a small, thermal-bead
anemometer (ALNOR Thermo Anemometer Probe, model
175). The anemometer was inserted into the test section at four
different depths to obtain the flow cross-section. Essentially
plug flow was found, i.e., no radial dependence for the flow
velocity. However, a velocity of 7.2 to 7.3 m s−1 was determined
compared to a design value of 8.3 m s−1, due to valving and
flow resistance downstream of the test section. Hence, the
actual inlet (or aspirated) flow relative to the free stream flow
is slightly sub-isokinetic, a point to which we will return when
discussing transmission efficiency results. On the other hand, it
FIG. 2. Picture of the nose of the Twin Otter showing the mounting of the aerosol inlet.
is important to note that the dynamically induced pressure head
attributable to this slight non-isokinetic condition is also slight
and the flow is therefore largely independent of altitude so long
as the true airspeed is held constant.
3. TEST RESULTS
3.1. Preliminary Airborne Tests
Our first attempt to quantify the inlet transmission efficiency
involved a comparison of inlet and free-stream particle size dis-
tributions in flight. While this is clearly the best possible way to
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determine the transmission efficiency in principle, in practice in-
strumentation limitations have a substantial impact on the avail-
able information.
The probe type selected for the in-flight testing was an FSSP-
100× laser spectrometer, originally manufactured by PMS Inc.
but with electronics later modified by DMT Inc. The advan-
tage of this device, in normal use, is that it does not require
aspiration of the aerosol into an enclosed sample volume but
rather measures particle size in situ along an exterior optical
path. On the other hand, the forward scattering detection angle
and monochromatic light of the laser result in large Mie res-
onance peaks in the particle size/response pulse height curve.
This well-known failing leads to quite large uncertainties in the
particle sizing (cf., Reid et al. 2003). These drawbacks are, un-
fortunately, characteristic of all currently available free-stream
size spectrometers.
Prior to flight testing, the two FSSPs utilized (one wing
mounted and one sampling at the end of the inlet test section
within the fuselage) were cross calibrated using various sized
PSL and glass spheres. For use within the fuselage, a special
SPEC Inc.—manufactured flow adaptor was necessary and each
FSSP was tested with and without this adaptor. The FSSP’s inter-
compared quite well, showing similar response curves. However,
the size discrimination issue just discussed was also evident, vir-
tually identically, in each probe. Figure 3 shows the channel bin-
ning of four different monodisperse particle populations intro-
duced into the FSSP sampling volumes. The broad channel range
and consequent response overlap for these discrete sizes demon-
strate the limitations to the sizing data available from this type
of spectrometer. Clearly, for example, differentiation of 8 and
10 µm particles is problematic. In consequence of this, we com-
bined multiple pulse height channels in the 1–10 µm size range
to reflect the coarse size resolution actually available. Hence,
only particle concentrations for bins centered at 2.5, 5.0, and
FIG. 3. The distributions of pulse heights (the PHA channel number) for
each of four distinct monodisperse particle populations sampled by the FSSP
spectrometer.
9µm diameter are reported, with the understanding that the nom-
inal values for each designated size could include particles dif-
fering in size by ±1.5 µm from the nominal value (based on mea-
sured peak half-widths at half amplitude for all of the test data).
During the flight testing itself, the two FSSPs, interior and
exterior, were switched and the results for interior (aspirated
through the inlet) and exterior (free air stream) averaged over
the two probes to further guarantee analytical equivalence of the
interior and exterior measurements. The results of these mea-
surements are shown in Figure 4. While the lack of size discrim-
ination precludes a detailed assessment of the particle transmis-
sion efficiency of the inlet, it does indicate that more than half of
the particles are passed through it for sizes up to 8–10 µm. Nev-
ertheless, more detailed and precise measurements were clearly
necessary and led to wind tunnel testing with a different type of
OPC. Such wind tunnel testing of inlet transmission efficiencies
has been a well-known technique for many years (e.g., Paik and
Vincent 2002; Murphy and Schein 1998; McFarland et al. 1989).
3.2. Wind Tunnel Tests
The Kirsten Wind Tunnel at the University of Washington is
a double-return, closed circuit wind tunnel. The test section has
a rectangular cross section 2.5 m high, 3.75 m wide, and 3.13 m
long, with fillets in the corners. The test section is vented to the
atmosphere and can be viewed from all sides. Two 500 HP DC
motors drive two 4.6 m diameter, seven-blade fans to provide
test section airspeeds of ∼90 m s−1 with typical test section ob-
structions and a top speed of 110 m s−1 with a clean test section.
These speeds are more than adequate to investigate the trans-
mission efficiency of the TO inlet given the sampling airspeed
in the range of 50–60 m s−1.
For the efficiency tests, the diffuser was mounted in the en-
trance of the wind tunnel test section on an inlet tube of the same
diameter as that on the TO and 2.5 m in length. The tap for the
OPC which measured the transmitted particle size distribution
was 0.3 m from the end of the tube and of the same diameter and
angle to the inlet as that aboard the TO. An adjustable valve was
located at the very end of the inlet tube to permit adjustment of
the aspirated air speed to that directly measured on the TO, thus
mimicking the downstream flow resistance on the aircraft. This
flow speed was 7.2 m s−1 for a wind tunnel speed of 50 m s−1 and
was measured with precisely the same anemometer employed
for this purpose on the aircraft.
A key issue for the determination of transmission efficiency
is, of course, the free stream reference aerosol concentration.
This issue is difficult to address decisively since, as discussed
above, the few instruments capable of high-velocity, in situ,
free-steam measurements have limitations with respect to size
discrimination in our target size range (1–10 µm diameter).
We address this first by utilizing two 90◦ scattering, white-
light OPCs (Welas Model 1200, manufactured by Palas GmbH,
Karlsruhe, Germany). Such OPCs do not have the severe Mie
resonances of laser spectrometers, displaying a single-valued
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FIG. 4. Concentrations of particles sampled by the cross calibrated FSSPs mounted on the Twin Otter wing (free stream) and behind the aerosol inlet.
correspondence between particle size and pulse height (e.g.,
Friehmelt and Heidenreich 1999; Schumann 1990; Liu et al.
1985). Further, the OPCs were both calibrated against the same
PSL spheres and a slight correction factor included to one of
them to render them equivalent in response for both size and
counting. On the other hand, no such device is currently capable
of measuring in situ in a high velocity air stream. Addressing
this point is the second facet of our approach to a free-stream
reference measurement.
Coupling the high velocity flow of the wind tunnel to the rel-
atively low aspiration speed of our white light OPC must nec-
essarily be done through an inlet and, since there is no standard
inlet with negligible sampling bias, this approach is in principle
somewhat problematic. Indeed, for this very reason, substantial
effort has been made to avoid the issue. For example, Murphy
and Schein (1998) utilized measurements in the nearly quies-
cent tunnel boundary layer under the assumption that the par-
ticle concentrations were the same there as in the free stream.
However, this approach, for various reasons, was only feasible
for particle sizes up to about 1.5 µm, far below our needed up-
per size limit. Similar drawbacks characterize all such indirect
approaches. Hence, we have elected to utilize an inlet as a refer-
ence, but one that has been well-studied and whose transmission
efficiency, though far from unity at large particle diameters, is
well characterized, thus permitting a confident correction to true
free-stream particle concentrations.
The inlet selected as the reference is a thin-walled straight
cylinder, perhaps the most widely studied of all inlet types due
to its simplicity (cf., Fuchs 1965; Barron and Willeke 2001). A
variety of studies have addressed the transmission efficiency of
this inlet (e.g., Zhang and Liu 1989; Liu et al. 1989; Hangl and
Willeke 1990), several have provided experimental verification
of ad hoc approaches (e.g., Belyoev and Levin 1974; Li and
Lundgren 2001; Paik and Vincent 2002) or have successfully
compared such approaches to detailed computational fluid dy-
namics predictions (e.g., Kramer and Afchine 2004). There are
four principal particle sinks for this inlet type: gravitational, non-
alignment with the stream flow, aspiration velocity/flow velocity
disparity and inertial deposition. However, for our conditions,
the shortness of the cylinder (∼10 cm) precludes significant
gravitational loss. Similarly, the inlet was always aligned with
the free-stream flow in the wind tunnel and non-alignment was
not an issue. The two remaining sinks do require treatment and
are dealt with as follows.
The subisokinetic flow of the reference inlet actually leads
to an enhancement in the larger particle concentrations, since
the inlet acts somewhat like a virtual impactor for particles
with sufficient inertia. The well-known correction formulated
by Belyaev and Levin (1974) is widely used to address this
problem but was derived for relatively modest aspiration flow
ratios (ratio of free-stream to aspiration flow speed) in the range
of 0.2 to 5 and appears to fail at ratios in our regime, which
extends to 7 ( Kramer and Afchine 2004). We have thus chosen
to employ the empirical correction of Paik and Vincent (2002),
based on wind tunnel data collected at aspiration ratios and parti-
cle Stokes numbers that are nearly congruent with our operating
range. This correction takes the form:
ηasp = 1 − α(R − 1)
α = 1 − 1{1 + G(St.)}
G = 2 + 0.62
R
− 0.9R0.1
where R is the aspiration flow ratio and St is the Stokes number.
While the authors do not cite quantitative uncertainties for their
formulae, a linear regression of their predicted values with their
measurements yielded an R2 value of 0.99 and excellent agree-
ment with experimental values of others as well (see Figure 9,
Paik and Vincent 2002).
The second correction necessary for our scenario is that for
inertial deposition, a sink for large particles. This arises since the
streamlines around the inlet mouth are curvilinear and some of
the larger particles are neither carried around the inlet nor have
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sufficient inertia to cleanly impact in the aspirated flow stream.
They rather impact onto the inlet walls. By far the most widely
used correction for this effect is that of Liu et al. (1989) and we
adopt it here. Over the limited range for which data is available,
it agrees with measurements within 5% (Zhang and Liu 1989).













Applying both this correction and the Paik-Vincent correction
to our OPC concentration measured behind the reference inlet
leads us to our free-stream particle size distribution. It should
be noted that the magnitude of the overall correction typically
ranges from less than 10% below 1 µm to about a factor of 10
at 9 µm.
The test aerosols were generated by atomization from solu-
tion by a paint sprayer directed co-linear with the air flow down-
stream of the wind tunnel test section such that the aerosol spray
dispersed throughout the flow volume during the pass around
the return section to the test section. For test aerosols, three dif-
ferent compositions were selected: potassium citrate, glucose,
and oleic acid. The first two were produced from aqueous solu-
tions (ranging from 20% to 40% by solute mass) while the oleic
acid (90+% by mass) was directly aspirated into the sprayer
nozzle. The indices of refraction of the three aerosols, when dry,
lie within the atmospheric range (1.4–1.5). While the citrate and
glucose are hydrated, calculations using a version of the Ming
and Russell hydration model (Crahan et al. 2004) suggest that
the hydration is relatively slight for our conditions and the re-
fractive indices still above 1.4. The oleic acid is not hydrated at
all.
Three principle wind tunnel test runs were done with the three
test aerosols, in all cases with the inlet al.igned with the tunnel
air flow and the final flow velocity set to 50 m s−1. Additionally,
a run was made using glucose aerosol in which the velocity
was raised to 56 m s−1, and one using citrate in which the final
velocity was again 50 m s−1 but the angle of attack of the inlet
was 5◦ high. These runs are summarized in Table 1. Note that all
runs exceeded 10 minutes in duration to accumulate sufficient
particle counts for good counting statistics.
FIG. 5. The mean transmission efficiency curve of the Twin Otter inlet for
three different test aerosols generated in the Kirsten Wind Tunnel. In all cases,
the wind tunnel airspeed was 50 m s−1.
The three runs with differing aerosols but similar 50 m s−1
flow velocity and 0◦ angle of attack showed similar transmission
efficiency curves, taken as the ratio of concentration sampled
behind the inlet to the corrected reference concentration as a
function of particle size. The average of the three transmission
efficiency curves is shown in Figure 5, together with error bars
based on the total variance of the three run sample population.
The efficiency curve shows the expected sigmoid shape, with
the roll-off from a nominal unit efficiency starting at ∼3.5 µm
and leveling off at ∼5.5 µm. However, the lower plateau is sur-
prisingly high in magnitude, ∼0.65, and extends to our analysis
limit of 9 µm. We suspect the plateau reflects the sub-isokinetic
sampling induced by the lower than expected aspiration velocity
of the entire inlet, as discussed previously. This has likely offset
losses due to inertial deposition at the larger particle sizes. The
effect has been observed with other aircraft inlet systems such as
the Low Turbulence Inlet on the NCAR C-130 aircraft (Doherty
et al. 2005). It is also interesting to note that the transmission ef-
ficiencies for smaller particles are slightly greater than unity, but
the difference is only significant at 2.5 µm (and even here only
barely). It is conceivable that this is due to excessive dumping
TABLE 1
Test runs in the Kirsten Wind Tunnel
Date Aerosol type Flow speed Inlet AoA∗ Duration of run
2/23/05 Potassium citrate 50 m s−1 0◦ 16 min.
2/24/05 Glucose 50 0 17
2/24/05 Oleic Acid 50 0 17
2/25/05 Glucose 56 0 18
2/25/05 Potassium citrate 50 5 11
∗Angle of attack.
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FIG. 6. Transmission efficiency curves for the two sensitivity runs made in
the Kirsten Wind Tunnel. Also shown, for comparison, is the mean curve from
Figure 5.
of boundary layer air through the ports on the back of the first
diffuser. This would lead to slightly super-isokinetic flow for
the first diffuser and a consequent enhancement in small parti-
cle concentrations not completely offset by the second diffuser.
We do not think this likely but it is a possibility we cannot reject.
In any case, it does not impact our conclusions.
Results for the two sensitivity tests, one for higher velocity
and one for non-zero angle of attack are shown in Figure 6,
together with a replication of the mean efficiency curve from
Figure 5, for comparison. The efficiency curve for the 56 m s−1
run shows the roll-off has been shifted to smaller sizes when
compared to the mean curve. However, the large particle size
plateau is still evident and on the order of 0.6 in magnitude. The
higher velocity has clearly led to higher inertial losses but this has
still been partially offset by enhanced concentration due to the
sub-isokinetic sampling. The run at 50 m s−1 but with an angle
of attack of 5◦ high shows a slightly different phenomenology.
The roll off in efficiency does not shift compared to the mean
curve but the large particle plateau has dropped appreciably in
magnitude. While it is not clear how significant this drop re-
ally is, it is consistent with theoretical expectations given that
a substantially higher number of stream flow lines will have an
appreciable angle to the inner diffuser surface, thus enhancing
inertial deposition.
4. CONCLUSIONS
Both airborne and wind-tunnel based tests of the transmis-
sion efficiency of the sampling inlet on the CIRPAS Twin Otter
research aircraft have been conducted and are consistent with
one another. At the nominal aircraft sampling velocity of 50 m
s−1, no appreciable loss in efficiency is evident between 0.5 and
∼3.5 µm diameter. The efficiency thereafter decreases rapidly
but levels off at an efficiency of slightly greater than 0.6 for par-
ticles 5.5 µm diameter through the limit of our measurements
at 9 µm. Sensitivity tests with respect to aircraft sampling ve-
locity and angle of attack do suggest these variables impact
the transmission efficiency but in all cases examined, the effi-
ciency is higher than 60% throughout our measurement range.
The efficiency is thus sufficiently high that correction to recover
the free-stream particle size distribution can be undertaken with
some confidence.
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